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ABSTRACT 
 
This paper introduces suitable features and methods to define hazard rate function by acoustic emission 
parameters to develop robust damage statement index and reliability analysis. AE signal energy was first 
examined to find out relation between damage progress and AE signal energy so that a damage index based on 
AE signal energy was proposed to quantify progressive damage imposed to composite slabs. Moreover by using 
AE signal strength, historic index was utilized to develop a modified hazard rate function through integration 
bathtub curve and Weibull function. 
 
KEYWORDS 
 
Acoustic emission; bathtub curve, damage detection; reliability analysis, ferrocement slabs; failure analysis 
 
INTRODUCTION 
 
Multi-layers ferrocement composite slab is considered as a recognized composite structure with an ever-
increasing attraction because of their cost effectiveness, raw material availability, easily fabrication and 
installation where shapes and forms are complex. Inherent physical properties of ferrocement provide a refined 
material which shows proper resistance against shrinkage, cracking, and usually possesses high level of ductility 
(Cheah & Ramli, 2012). However, life time safe performance of composite structures is in a great demand while 
the complex inherent characteristic of these structures requires rigorous measures to be taken. Hence, Diagnosis 
and monitoring techniques are progressively imperative for evaluating structural reliability assessment, and one 
possible application may suggest structural damage diagnosis and reliability analysis for composite structures 
(Farhidzadeh et al., 2014). 
 
Acoustic emission (AE) has been appearing as a potential technique to be deployed for online structural health 
monitoring and diagnosis purposes (Behnia et al. 2014a). The premise of AE refers to the generation of transient 
elastic waves during the rapid release of energy from a localized source within a material. The fundamental 
concept of AE brings some unique features for this technique as an applicable non-destructive testing technique. 
Among these features the most important ones are (1) real time capability, (2) high sensitivity, (3) global 
monitoring capability, (4) source location, (5) sensitivity to any process or mechanism that generates stress 
waves, (6) passive nature (no need to supply energy from outside, but energy from damage source itself is 
utilized) (Behnia et al. 2014b). 
 
However, potential capability of AE as an informative online assessment technique offers opportunity to increase 
utilization of AE technique in different types of structures with variety purposes. AE was used in localization of 
damage in composite and RC structures (Bagherifaez et al., 2014), crack detection (Iliopoulos et al., 2015) 
damage assessment (Carpinteri & Lacidogna, 2007) corrosion, fatigue, creep, fracture modes analysis, durability 
(Abdelrahman et al., 2014; Carpinteri et al., 2013; Kawasaki et al., 2013 . Aggelis et al., 2013; Farhidzadeh et al. 
2013; Aggelis et al., 2014). 
 
To the best of the authors’ knowledge, although there are many extensive studies carried out on application of 
AE for different structures, there are a few studies, if any, developing robust method to extract suitable AE 
features in order to perform failure reliability analysis and to extract damage sensitive features. Considering the 
capability of statistical techniques in addressing un-certainty quantitatively, structural damage detection can 
benefit from utilizing statistical techniques in complex composite structures. Therefore, the principal objective of 
this study is twofold: First, introducing suitable features and method to obtain hazard rate function by AE 
parameter and Second, extraction sensitive feature to develop robust damage statement index.  
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Materials and Instrumentation of Experiments and AE Sensors 
 
Locally sourced ASTM Type I Portland Cement (PC) was used as the key binder material. Low calcium fly ash 
(class F) used in this research was supplied by Lafarge Malayan Cement Bhd, Malaysia. Due to the round 
particle shape and high silica content, incorporation of fly ash has the potential to reduce the water demand, 
enhance the workability of the fresh matrix and improve the hydration process of Portland cement. Locally 
available river sand with grading in accordance with the limit values specified by BS882 was used as an 
aggregate for the mortar mixes. The river sand was washed prior to mixing to remove the natural silt and clay in 
the raw stock pile. 
 
Steel moulds with open top and bottom faces with dimensions of 500 mm*500 mm* 30 mm were used. For each 
slab specimen, a thin layer of mortar was initially poured to achieve the desired cover thickness before the wire 
mesh was positioned in the slab over the mortar layer. 
 
The mortar has been evenly spread into the reinforcement network. In the last step, to ensure the smooth top 
surface, the finishing step was performed on the top by levelling a thin layer of mortar. The specimens were left 
for 24 hours to set after casting. The testing machine and schematic detail of the test procedure is given in Figure 
1. 
 
The AE measurement system adopted in the experimental study consisted of PCI-2 data acquisition boards (by 
Mistras Group Inc) that accommodate a total of six AE sensors and a Windows-based AE data operation 
program known as AEwin. The AE sensors used have a resonant excitation frequency of 60 kHz (R6I). A total of 
six sensors were mounted on the specimens. In the measurements, the sampling rate for AE monitoring was set 
to 2 MHz with the pre-trigger set to 250μs. The hit definition time (HDT), hit lockout time (HLT), and wave 
velocity were configured as 2000 μs, 300 μs and 3900 m/s, respectively. To eliminate electrical and mechanical 
noise, the threshold level of acquisition was set at 50 dB.  
 
                 
                  
Figure 1 Test setup and flexural strength test of ferrocement composite slab and AE sensor placement 
 
RESULTS 
 
Mechanical Behavior of Composite Slab and Its Correlation to AE 
 
Figure 2a and 2b presents the typical failure patterns for composite slabs. In general, two types of failure patterns 
were registered for specimens. Composite slabs with four layers of wire meshes, called S4, failed in flexural 
failure mode, whereas composite slabs with six layers of wire meshes, called S6, failed in punching failure 
mode. As the load increased, new cracks were formed and existing cracks propagated slightly in the radial 
direction. Punching failure was highlighted by a sudden drop in the applied load. As illustrated in Figure 3a, 
punching shear failure was completely obvious, indicated by the formation of a “hole" on the top face. On the 
bottom face, on the other hand, an outline of a truncated failure cone was merely noted which had a much larger 
perimeter than the hole which formed on the top face. On the other hand, when most of the reinforcement 
yielded prior to failure and the slabs subsequently underwent large deflection and smooth decline of carrying 
load, the dominant failure mode was flexural failure. In this case, cracks propagated in diagonal direction in the 
bottom face which is illustrated in Figure 2b. 
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Figure 2 composite slab failure pattern: a) Schematically shear failure, b) Schematically shear failure, c) Load 
profile versus AE hits rate 
 
Figure 2c presents typical samples for each type of failure mode in terms of the rate of AE hits against loading 
for these types of slabs, the fracture process starts with micro-cracking stage (I) which is the so-called pre-
cracking elastic stage. As can be observed, in this stage the AE activity level is considerably lower than the 
following stages. Upon the emergence of the first macro-crack/flexural crack in the centre on the bottom side of 
slab which is highlighted by the reduction in the slope of load-deflection curve, a sudden increase in the AE hit 
rate was registered. This stage (II) is called post-cracking/multiple cracking or Elasto-plastic cracking regarding 
the elastic behaviour of this stage after the first nonlinearity. The AE emission rate remained moderate due either 
to propagation of existing cracks or to the occurrence of new cracks until the peak load at which the punching 
failure was captured. Punching failure coincided with the main shock of the AE hits rate which is identified by 
the maximum rate of AE hits. Thereafter, in the post-punching stage (III), a considerable drop in AE hits rate 
was observed due to significant drop in the loading. In this stage, the tensile reinforcements started to yield. 
Most AE hits in this stage can be attributed to the crack widening and yielding tensile reinforcement in the form 
of membrane action of the slab. Hence, yielding of reinforcement results in a low population of AE activity with 
higher amplitude compared to the previous stages. However, AE hits data could not provide quantitative insight 
to the damage state of the composite slab. Therefore, two AE parameters, signal strength and AE energy will be 
explored in next sections. 
 
AE signal energy analysis 
 
From the AE measurement and analysis performed on the AE data, the trend of variation of AE energy with 
respect to the evolution of damage was investigated. Toward this purpose, the largest AE energy was chosen.  
According to the energy level of AE hit, all AE hits were categorized into four groups (Classes). There are three 
selected energy levels through which subsequent classes were formed. The energy levels and associated classes 
are listed below: 
 
Level 1= 10000 V2μs, Level 2= 100000 V2μs, Level 3 = 1000000 V2μs 
Class A = under level 1, Class B= above level 1, Class C= above level 2, Class D = above level 3 
 
The number and percentages of AE events and corresponding AE energy released during the damage process of 
composite slabs relative to the associated total values are presented in Table 1 and Figure 3. As presented in 
Table 1 results for both composite slabs (S4 and S6) show that while the number of occurrences of AE events in 
class A was considerably high, the AE energy released during these AE events were significantly low. 
C) 
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Consequently, it might be inferred that the level of damage pertinent to these AE activities is significantly low. It 
was observed that in terms of energy level, most AE events belonged to class B. 
It means that most of the signals which were emitted during the damage process had energy level greater than 
100000 V2μs (Level 2).   
 
Figure 4 presents the AE events source localization for S6 during damage process considering different classes 
of AE energy levels. As indicated in Figure 4, AE energy level of class C contributed significantly to the fracture 
process zone while AE energy above Class C (Class D) possessed fairly high acoustic emission energy per unit 
area of fracture process zone. These observations indicate that AE events with higher energy level than 100000 
V2μs predominantly contributed to the fracture process zone because of their high energy level, whereas the total 
numbers of AE activities were quite low.  
 
In general for all composite slabs, the number of AE event for class A and B was considerably high while these 
AE events possessed low energy. Conversely, AE events intensity for class C and D were lower while associated 
AE energies were considerably high especially these events located in fracture zone (punching area).  Therefore, 
in general, it was found that AE energy has great potential trace changes imposed to the structure during the 
fracture process. In this line, a damage index by using AE energy time history of S6 was extended. 
                 
                          Figure 3 AE energy level distribution against AE events distribution for S6 
 
                                       
Figure 4 Acoustic emission event source localization with respect to different energy classes: a) Class A, b) 
Class B, c) Class C, d) Class D 
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                                           Table1: Acoustic emissions events and the recorded AE energy 
 
AE Energy Index 
 
AE energy released during the period of loading was measured from AE acquired data set. Figure 5 displays the 
history of AE energy rate for a composite slab loading set, and together with history of stiffness variation till 
ultimate load capacity. It can be observed that loading in the beginning of the test did not trigger the AE energy 
immediately, but after a while later. It could be because at the early stage of loading the fracture did not happen 
since the AE energy is attributed to prompt release of energy in a concrete during fracture. In addition, AE 
energy general trend showed a tendency to rise with increase in loading process and subsequent reduction of 
specimen’s stiffness. 
 
The accumulated AE energy over the consecutive load stages until ultimate load capacity was computed and 
plotted in Figure 6, superimposed to the total and loss of stiffness values. 
 
Considering the relation between accumulated AE energy and loss of stiffness, an attempt can be put forward to 
find out a correlation between normalized values of accumulated AE energy and loss of stiffness. The 
normalized accumulated AE energy and loss of stiffness over successive loading stages were plotted in Figure 7. 
 
         
Figure 5 AE energy rate and stiffness variation time history till ultimate load capacity 
 AE Energy V
2 us AE Events  AE Energy 
S6 
  Number Percentage % 
Total AE 
Energy 
Percentage 
% 
Total 21007 100.00 5663318794 100.00 
class A 18042 85.89 509046273 8.99 
class B 2965 14.11 5154272521 91.01 
class C 556 2.65 4159084183 73.43 
class D 47 0.22 2392668000 42.24 
S4 
Total 6935 100.00 36829054849 100.00 
class A 4817 69.46 259394399.2 0.70 
class B 2118 30.54 36569660450 99.30 
class C 200 2.88 36056950447 97.90 
class D 67 0.97 35212307000 95.61 
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Figure 6 Accumulated AE energy during loading stage till failure and total and loss of stiffness values 
 
                
Figure 7 Normalized accumulated AE energy and loss of stiffness at the end of 50% of loading process 
 
A given instant n, EnAE, was extracted from the entire trend of AE energy and plotted in left top side of Figure 7, 
superimposed on to the loss of stiffness (Kr/Kro). It should be noted that the AE energy and loss of stiffness were 
both normalized at the end of 50% loading process where a visible turning point was observed in total stiffness 
value in Figure 6. AE energy and slab loss of stiffness in each instance were named as EAE and Kr, respectively, 
whereas AE energy and slab loss of stiffness were named as E0AE and Kr0, respectively. 
  
It is also known that steel plastic deformation generates AE signals with low amplitude, ranged from 30-35 dB, 
while in this study the fixed threshold level of 45 dB was assigned to data processing. Therefore, AE energy 
attained in the present work addresses the released strain energy in concrete specimens. However, a fairly well 
correlation can be found in Figure 7 till 50% of loading (Stage A) between EAE/E0AE and Kr/Kr0 which is 
displayed in top left side of Figure 7. Therefore, the following correlation can be made for the stage A: 
 
EAE/E0AE = Kr/Kr0 = EAAE/E0AE = KrA/Kr0 = 1                                                                                                       
On the other hand in stage B that can be found the following relation may correlate: 
  
EAE/E0AE = (α) Kr/Kr0 where in the end of test α≃ 3      
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However, the loss of stiffness is a significant indication of damage degree imposed to a structure. Therefore, loss 
of stiffness can be taken into account as a damage severity indicator index. As a result, a damage index might be 
defined as following: 
 
DI = Kr/Kru                                                                                                                                                                    
 
where in the ultimate level of damage, loss of stiffness reaches it maximum value at  
Kr        Kru, DI = 1. Considering the correlation between loss of stiffness and AE energy, damage index can be 
postulated as following: 
 
DI = (β) EAE/EuAE                                                                                                                       
 
where β = 1/α, and EuAE is the ultimate value of EAE in the end of the test. It can be observed that damage index 
showed an admissible relation with AE energy released during the fracture in composite ferrocement slabs and it 
could be a proper candidate for assessing the level of damage in concrete structures. 
 
Intensity Analysis (IA) 
 
Intensity analysis evaluates the structural significance of an AE event as well as the level of deterioration of a 
structure by calculating two values called the historic index (HI) and severity (Sr) (Bagherifaez et al., 2014). The 
HI compares the signal strength of the most recent emissions to the signal strength of all emissions. This requires 
estimating the slope changes of the cumulative signal strength plotted as a function of time. The presence of one 
or more peaks may reveal the occurrence of new damage or the propagation of damage, respectively. As the 
severity is a measure of structural damage, an increase in severity often corresponds to new structural damage. 
Analytically, the HI and the Sr are defined as   
 
 𝐻𝐼 = 𝑁
𝑁−𝐾
(
∑ 𝑆𝑜𝑖
𝑁
𝑖=𝑘+1
∑ 𝑆𝑜𝑖
𝑁
𝑖=1
)                                                                                                                                           1                               
 𝑆𝑟 =
1
𝐽
(∑ 𝑆𝑜𝑚
𝐽
𝑚=1 )                                                                                                                                               2 
 
Where N is number of AE emissions (referred to as ‘hits’) up to time t; Soi is the signal strength of the ith event; 
K and J are empirical constants based on the material under investigation (Behnia et al., 2014b).  Figures 8a and 
8b present intensity chart and historic index profile for composite slabs, respectively. Results for all composite 
slabs affirmatively showed that state of damage can be quantitatively presented by intensity chart with some 
modifications applied in previous studies. 
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Figure 8 Intensity analysis for composite slabs: a) Severity versus Historic index, b) Historic index profile 
 
The damage states in Figure 8a are categorized in four classes according to the relation between AE signal 
strength and loading percentile. Level A represents the stage prior to macro-crack occurrence from 0 to 30% of 
loading (low damage). Level B indicates the stage after macro-crack occurrence from 30% to 50% of loading 
strength (low intermediate damage). Level C implies higher level intermediate damage from 50% to 80% of 
ultimate strength (high intermediate damage). Level D belongs to severe damage relating final stage of loading 
strength of composite slabs prior to punching failure. It should be noted that historic index graph has been 
highlighted with two knees which are indication of two imperative changes in the composite slabs damage state. 
The first knee happened in the macro-crack occurrence stage (30% of ultimate loading) and the second one 
occurred prior to punching failure of composite slabs which are highlighted in Figure 8b. This can related to the 
large amount of energy released from high energy events resulting significant rise in the slope of the historic 
index. 
 
On the other hand, the graph presented in Figure 8b shows a great potential to be used as a hazard rate function 
for reliability analysis. The historic index curve is used to develop hazard rate function and consequently a 
method of reliability analysis and evaluation of current condition of a structure. The three distinguishable stages 
in historic index curve resembling bathtub curve stages. This curve has three distinct stages. The first stage 
presents a decreasing failure rate which is called the infantile or early-life failures, where the system is adopting 
to the new situation. The second stage exhibits a constant hazard function, whereas the third stage is displaying a 
rising failure rate which is called wear-out stage. It is noted that the hazard function can be explained by a 
Weibull function as follows. 
 
f(t) = 𝛽
𝜂
 (𝑡−𝜆
𝛽−1
𝜆
) (𝑒−(𝑡−
𝜆
𝜂)
𝛽
)                                                                                                                                        3 
 
where β is the shape parameter; 𝞰 the scale parameter; 𝞴  the location parameter.  The shape parameter, β, also 
known as the Weibull slope parameter from which the slope of the Weibull probability density function (pdf) can 
be obtained and the three stages of the bathtub curve is discriminated. 
 
In Figure 9 the three stages are defined as bellow:  
β < 1      infantile failure 
β = 1      constant failure 
β > 1       wear-out failure 
 
However, the hazard function can be obtained from Equation 3 as follows. 
 
f(t) = 𝛽
𝜂
 (𝑡−𝜆
𝛽−1
𝜆
)                                                                                                                                                        4 
 
b) 
30% of 
ultimate 
load 
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In order to plot the bathtub curve and hazard rate function of composite slabs failure, historic index was used as a 
frequency or failure rate to obtain Weibull parameters pertinent to each stage of failure. The results of Weibull 
analysis and failure function plot is presented in Figure 9.  
 
It can be realized that in the first stage, infant mortality, the composite slab damage severity was high because of 
first breakage of slabs at the time of first macro crack emergence. In the infant mortality stage, the initial failure 
rate is high which can be an indication of sudden release of energy at time of macro-cracks occurrence for a 
short period. In the second stage, steady state, the rate of failure in slabs was constant at a very low failure rate. It 
can be inferred that, after macro-cracks occurrence, wire meshes in tension parts started to carry tensile load 
resulting in propagating cracks. The third stage, wear out, is the sudden increase of damage in composite slabs 
and local damages combined to form material or component damage with a very high rate as punching failure is 
a sudden failure. In the third stage the failure rate happening in a very short time due to the inherent characterises 
of punching failure. 
 
In general, the failure can be considered as a local phenomenon rather than failure of a structural element. Local 
damages are occurring inside the composite slabs when signal strengths are increasing which finally resulted in 
composite slabs failure.  
 
 
Figure 9 Bathtub curve for hazard rate function 
 
CONCLUSIONS 
 
In the present study, six samples of two types of multi-layer composite slabs with four and six layer meshes were 
prepared and examined until the final failure load. The slabs were tested under concentrated loads resulting in 
two types of failure, flexural and punching. Six R6I AE sensors were mounted on the slabs to monitor the failure 
of composite slabs during the loading process. Acoustic emission parameters such as AE energy and signal 
strength were investigated to find out the appropriate damage indication parameters. AE energy time history was 
used as input data for an auto regressive model of order 3 to present damage-sensitive features. Obtained damage 
sensitive features were used to plot different control charts to find out the relation between the variation of 
number of outliers and damage state in the composite slabs. In addition, using AE signal strength the highlighted 
damage in each stage was quantified. The following main conclusions were drawn from the results. 
 
1. AE events with high energy contributed in fracture process zone, therefore, AE signal energy could be used as 
a proper damage index parameter to present the loss of stiffness in composite slabs. 
2. AE signal strength showed a great potential to classify the level of damage in composite slabs and to be used 
for failure reliability analysis. 
3. The proposed bathtub curve utilizing historic index divided the composite slabs failure in three distinctive 
stages which could enable one to predict punching failure as an abrupt failure. 
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